Unsaturated long-chain fatty acids increased markedly the resistance of M. laidlawii to osmotic lysis and promoted growth. The fatty acids of the growth medium were incorporated mainly into membrane phospholipids. The ratio between saturated and unsaturated fatty acids in membrane lipids depended on that of the growth medium.
The single membrane that covers Mycoplasma cells is a typical lipoprotein "unit membrane," as indicated by ultrathin sections of cells (3, 10, 15, 29) and chemical analysis of isolated membranes (19) . Recently, Mycoplasma membranes were shown to be built of lipid-protein subunits, resembling those found in membranes of other microorganisms, animal cells, and cell organelles (20) .
Lipids, the major fraction being phospholipids, constitute about one-third of the total dry weight of Mycoplasma membranes (19, 28) . Mycoplasma membranes also contain variable amounts of free and esterified cholesterol (2, 24) . The (13, 17) . In the present investigation, the effect of variations in the lipid composition of M. laidlawii membranes on growth and osmotic fragility of the cells has been studied with the aim of elucidating the possible role of these lipids in membrane integrity and elasticity.
MATERIALS AND METHODS
Organism. M. laidlawii strain B (PG9) obtained from D. G. ff. Edward (Wellcome Research Laboratories, Beckenham, Kent, England) was used throughout this study.
Growth media. The basal medium was tryptose broth of the following composition (per liter): tryptose (Difco), 20 g; NaCl, 5 g; tris(hydroxymethyl)aminomethane (Tris), 5 g; glucose, 7 g; penicillin G (crystalline), 100,000 units. The pH of the medium was 8.2 to 8.4 without adjustment. Various supplements to this medium were added as sterile solutions. PPLO Serum Fraction was a Difco product. Cholesterol (Calbiochem) was recrystallized twice from ethyl alcohol, and was added to the growth medium dissolved in Tween 80 (Difco). Various amounts of an ethyl alcoholic solution of cholesterol (20 mg/ml) were mixed with a constant volume of 10% Tween 80, heated to complete dissolution, and added to the growth medium. By this method, up to 20 mg of cholesterol in 1 ml of ethyl alcohol could be dissolved in 1 ml of 10% Tween 80 and remain in solution on addition to 1 liter of the growth medium. To prevent toxicity of Tween 80, bovine albumin, fraction V (Calbiochem) was added to the medium in a final concentration of 0.1% (21). Long-chain fatty acids were added to the growth medium in ethyl alcoholic solution. The concentra-RAZIN ET AL.
The medium was also supplemented in this case with 0.4% of bovine albumin fraction V, extracted with acetone to remove fatty acids as described by Razin and Rottem (21) .
Growth was usually carried out in 100-ml quantities of medium dispensed in 200-ml screw-capped bottles, or in 1-liter quantities dispensed in 2-liter flasks. The bottles or flasks were incubated statically at 37 C for 20 to 24 hr, and the organisms were collected by centrifugation at 9,000 X g for 20 min. The sedimented cells were (17) . The suspension was incubated at room temperature for 30 min and then was centrifuged at 37,000 X g for 30 min to collect the membranes. The membranes were washed in 40 ml of deionized water, sedimented by centrifugation, and freeze-dried. The yield of membrane material was expressed as milligrams (dry weight) of membranes recovered from the whole crop of cells. In some experiments, the membranes were resuspended in 10 ml of deionized water, and membrane protein was determined in a 0.2-ml sample of this suspension according to Lowry et al. (9) .
Extraction of lipids. Membranes were sedimented by centrifugation, and the pellet was extracted with 40 volumes of chloroform-methanol (2:1). In some experiments, the membranes were first freeze-dried and then extracted with chloroform-methanol as described p-eviously (2). The extract was separated from the membrane residue by filtration through extraction thimbles (fat extracted, Whatman). Lipids of the tryptose medium were extracted from the dry powder (20 g of tryptose plus 4 g of acetone-extracted bovine albumin, fraction V) with 120 ml of chloroform-methanol (2:1). The yellow extract was separated by filtration through a previously extracted filter paper on a Buchner funnel and was evaporated under nitrogen to about 1 ml; 4 ml of chloroform was then added with vigorous mixing. The chloroform phase was separated and passed through a silicic acid column to free the extract of peptides (28) .
Analysis of lipids. Cholesterol in the lipid extracts was separated by thin-layer chromatography and determined by the FeCI3 reaction (2) .
Carotenoids were best extracted from wet membranes with boiling ethyl alcohol (23) . The membrane pellet was extracted with 7 ml of boiling ethyl alcohol for 10 min in the dark, under a nitrogen atmosphere. The extracted membranes were removed by centrifugation, and the supematant fluid was separated quantitatively and brought to a volume of 7 ml with ethyl alcohol. The absorbancy at 442 nm of the supernatant fluid was measured in a Beckman DB spectrophotometer. The absorption spectrum of M. laidlawii carotenoids in ethyl alcohol showed maxima at 418, 442 , and 472 m,, the peak at 442 being the highest. The amount of carotenoids in membranes was expressed, therefore, as absorbancy at 442 times 1,000 per milligram of membrane protein or per milligram (dry weight) of membrane material.
Phospholipids in the lipid extracts were separated from accompanying neutral lipids by silicic acid chromatography (1) . The lipid extract in chloroformmethanol was evaporated to dryness under a stream of nitrogen and was redissolved in 1 to 2 ml of chloroform. This solution was applied to a column of 1 to 2 g of activated silicic acid (minus 325 mesh, Bio-Rad Laboratories, Richmond, Calif.) prewashed with chloroform. Neutral lipids were eluted from the column with 5 ml of chloroform, by use of positive pressure. The phospholipids were then eluted with 5 ml of methanol.
Total phosphorus in lipid fractions was determined by the method of Fiske and SubbaRow (5) after digestion of the sample with 72% perchloric acid at 170 C for 2 hr (8). This test was carried out to check the separation of the phospholipid from the neutral lipid fraction by the chromatographic procedure.
Methyl esters of the fatty acids of the phospholipid and neutral lipid fractions were prepared according to Gander, Jensen, and Sampugna (6) by heating samples with acidified anhydrous methanol. The resultant methyl esters were extracted with petroleum ether and subjected to gas-liquid chromatography in an Aerograph model A-350-B instrument (Wilkens Instrument and Research Inc., Walnut Creek, Calif.) by use of a column (0.25 inches by 7.5 ft; 0.63 by 228 cm) of 20% diethylene glycol-succinate (on Chromosorb W 80/100, acid-washed) and a recorder equipped with a Disc Chart Integrator (Minneapolis-Honeywell Co., Philadelphia, Pa.). Chromatography conditions were as follows: column temperature, 171 C; gas, helium; flow rate, 86 ml/min; current, 210 ma; sensitivity, 1, 2, or 4. Fatty acids were identified on the basis of retention times compared with known methyl esters of the acids (purchased from Calbiochem). Proportions of the fatty acids were determined by counting the integrator units under each peak.
Incorporation of radioactive Jftty adds. Ethyl alcoholic solutions of oleic acid-i-C4, palmitic acid-I-C4, and stearic acid--C"4 (New England Nuclear Corp., Boston, Mass.) were added to the growth medium. The cells were grown, harvested, and lysed, and the membranes were isolated as described above. The extracted membrane lipid was separated into phospholipid and neutral lipid fractions. Samnples of these fractions were transferred to planchets and evaporated to dryness, and radioactivity was deter-mined with a Nuclear-Chicago model 183B scaler with a thin-window gas-flow detector. Counts were corrected for background and self-absorption.
Chemicals. Lauric acid (A grade, gas chromatography >99.5% pure), palmitic acid (A grade, gas chromatography homogeneous), stearic acid (A grade, gas chromatography homogeneous), and oleic acid (A grade, > 99% pure) were the products of Calbiochem. Myristic acid (99.8% pure), linoleic acid (99+% pure), linolenic acid (99+% pure), and arachidonic acid (90+% pure) were (Fig. 1) .
Addition of glucose to the basal medium was essential for growth of the test organism. Growth improved with the increase in glucose concentration, but the cells became more sensitive to osmotic lysis (Fig. 2) . PPLO The increase in the carotenoid content of the membranes was not associated with any significant change in the osmotic fragility of the cells ( Table 2) . Addition of bovine albumin fraction V to the basal tryptose medium increased growth and resistance to osmotic lysis (Fig. 3) ; the effect resembled that of PPLO Serum Fraction.
Bovine albumin fraction V contains appreciable amounts of long-chain fatty acids (7) . The effect of long-chain fatty acids on growth and osmotic fragility was therefore tested. To incorporate high concentrations of the fatty acids into the growth medium, acetone-extracted bovine albumin was also added (21) . Oleic acid was found to improve growth and increase the resistance of the organism to osmotic lysis (Fig.  4) . The other unsaturated fatty acids, linoleic, linolenic, and arachidonic acids, showed a similar effect on growth and osmotic fragility ( Incorporation of long-chain fatty acids into membrane lipids. C14 of labeled oleic, palmitic, and stearic acids, added to the growth medium, was incorporated into membrane lipids of M. laidlawii. Radioactivity was detected mostly in the phospholipid fraction (Table 5) .
Fatty acid analysis of the phospholipids and neutral lipids of membranes of M. laidlawii grown with varying amounts of oleic or palmitic acid (Tables 6 and 7) showed that the fatty acid composition ot these lipid fractions could be changed considerably by changing the fatty acid composition of the growth medium. Thus, the percentage of oleic acid in membrane lipids increased as its concentration in the medium increased. The fatty acid composition of M. laidlawii membrane lipids seems to reflect to some (14, 30) . The high percentage of saturated long-chain fatty acids in myelin was suggested to be responsible for the marked stability of these membranes (12) . Our assumption was that osmotic fragility of the cells reflects to a certain extent the elasticity of the cell membranes. It must be stressed, however, that several other factors are known to effect osmotic fragility of microorganisms, besides membrane elasticity (11, 16, 17, 18) .
Cholesterol does not seem to contribute to the resistance of M. laidlawii cells to osmotic lysis. The saprophytic Mycoplasma may not be suitable models for the study of cholesterol function in biological membranes, since the presence of cholesterol in their membranes is not essential for growth. The parasitic Mycoplasma, on the other hand, require cholesterol for growth (4) , and incorporate much higher amounts of free and esterified cholesterol from the growth medium than the saprophytic strains (2) . The parasitic Mycoplasma may therefore serve as better models for study of cholesterol function. As with cholesterol, the level of carotenoids present in M. laidlawii membranes did not seem to have any significant effect on the osmotic fragility of the cells, and, hence, as assumed above, on membrane elasticity.
The fatty acid composition of the growth medium had the greatest effect on the osmotic fragility of M. laidlawii. This organism has been found to require unsaturated fatty acids for growth (21) . The basal tryptose medium used in the present investigation was apparently deficient in these essential fatty acids. Addition of an adequate supply of an unsaturated fatty acid to this medium promoted growth, decreased significantly the osmotic fragility of the organisms, and caused a pronounced change in morphology of the cells. The organisms grew as very long and branched filaments instead of the short chains of cocci seen in the unsupplemented tryptose medium (Razin, Cosenza, and Tourtellotte, to be published). Similar morphological variations caused by fatty acids have a[so been reported for Mycoplasma mycoides var. mycoides (22) . The increased resistance of the cells to osmotic lysis brought about by the unsaturated fatty acids, appears to result from changes in membrane elasticity, rather than from changes in the shape of cells. Cylindrical cells are theoretically more sensitive to osmotic shock than are spherical cells (11) .
The fatty acid composition of M. laidlawii lipids apparently reflects the fatty acid composition of the growth medium, and accordingly it could be varied by addition of fatty acids to the medium (Tables 6, 7 , and 8). The resemblance of the fatty acid composition of phospholipids of M. laidlawii to that of the growth medium was also noticed by Smith, Koostra, and Henrikson (27) . The requirement of M. laidlawii for unsaturated fatty acids (21) suggests that this organism is incapable of synthesizing these acids. It is still uncertain whether M. laidlawii is able to synthesize the saturated long-chain fatty acids. Our experiments showed, however, that this organism is capable of incorporating the saturated fatty acids from the growth medium. The almost exclusive incorporation of radioactivity from added fatty acids into the phospholipid fraction of membrane lipids (Table 5) O'Brien (12) has suggested that the higher ratio of saturated to unsaturated fatty acids: in myelin allows for a closer packing of membrane lipids, resulting in a highly stable membrane structure. However, changing the ratio of the saturated to unsaturated fatty acids in M. laidlawi lipids, in favor of the saturated acids, did not lead to increased osmotic resistance. There seems to be an optimal ratio of saturated to unsaturated fatty acids for both growth and osmotic stability of M. laidlawii. Adding saturated acids in excess to the growth medium may disturb this ratio and affect growth and membrane stability We have some indications (unpublished data) that palmitic or stearic acid in high concentrations interferes with the incorporation of oleic acid into membrane lipids. A balanced diet of saturated and unsaturated fatty acids was required for normal growth of M. mycoides var. mycoides (22) and trichomonads (25) .
